Changes in the expression and function of caveolin-1 (Cav-1) have been proposed as a pathogenic mechanism underlying many cardiovascular diseases. Cav-1 binds to and regulates the activity of numerous signaling proteins via interactions with its scaffolding domain. In endothelial cells, Cav-1 has been shown to reduce reactive oxygen species (ROS) production, but whether Cav-1 regulates the activity of NADPH oxidases (Nox), a major source of cellular ROS, has not yet been shown. Herein, we show that Cav-1 is primarily expressed in the endothelium and adventitia of pulmonary arteries (PA) and that Cav-1 expression is reduced in isolated PA from multiple models of pulmonary artery hypertension (PH). Reduced Cav-1 expression correlates with increased ROS production in the adventitia of hypertensive PA. In vitro experiments revealed a significant ability of Cav-1 and its scaffolding domain to inhibit Nox1-5 activity and it was also found that Cav-1 binds to Nox5 and Nox2 but not Nox4. In additional to post-translational actions, in primary cells, Cav-1 represses the mRNA and protein expression of Nox2 and Nox4 though inhibition of the NFkB pathway. Lastly, in a mouse hypoxia model, the genetic ablation of Cav-1 increased the expression of Nox2 and Nox4 and exacerbated PH. Together, these results suggest that Cav-1 is a negative regulator of Nox function via two distinct mechanisms, acutely through direct binding and chronically through alteration of expression levels. Accordingly, the loss of Cav-1 expression in cardiovascular diseases such as PH may account for the increased Nox activity and greater production of ROS.
Introduction
Caveolae or "little caves" are small flask-shaped invaginations of the plasma membrane that range in size from 50-100nm. In blood vessels, caveolae are present in the majority of cell types, including endothelial, fibroblast, macrophages and smooth muscle cells [1] . With distinct lipid and protein environments, caveolae are thought to be functionally important to cellular signaling, endocytosis, transcytosis, and the regulation of cell differentiation, proliferation and apoptosis [2] . There are 3 caveolin genes, Cav1-3, which encode transmembrane proteins of ~21KD-24kDa. Cav-1 is the primary coat protein of caveolae and loss of Cav-1 in genetic knockouts results in loss of the organelle [3] . Cav-1 is primarily expressed in endothelial cells and fibroblasts and has been shown to restrain cellular proliferation and migration, provide resistance to apoptosis and growth factor signaling [4] . Cav-2 is also present in caveolae and depends on Cav-1 for stability/expression [5] . Cav-3 is a muscle-specific gene primarily expressed in cardiac and skeletal myocytes [6] .
Cav-1 can be functionally divided into three domains: N-terminal (101aa), transmembrane (33aa), and C-terminal (44aa) [4] . A well-defined region (82-101aa) has been termed the caveolin-scaffolding doman (CSD) and has been shown to bind a wide range of signaling molecules including G-protein subunits, receptor and non-receptor tyrosine kinases, endothelial nitric oxide synthase (eNOS), integrins, PKCs, growth factor receptors and small GTPases [4] . The binding of Cav-1 to a target proteins is usually inhibitory [4] . This has been well described for a number of proteins and the ability of the full length Cav-1 protein and the caveolin-1-scaffolding domain peptide to inhibit eNOS activity and NO production in endothelial cells, and impair endothelium-dependent relaxation in isolated blood vessels has been the subject of intense investigation [7] .
Pulmonary Arterial Hypertension (PH) is a progressive, debilitating disease resulting from increased pulmonary vascular resistance. PH is characterized by excessive vascular cell proliferation, inward remodeling, vasoobliteration and a loss of compliance of the pulmonary blood vessels [8, 9] . It is well established that PH is associated with the overproduction of reactive oxygen species (ROS) and that ROS can contribute to the vascular dysfunction and stiffening observed in PH [10] [11] [12] [13] [14] . However, the mechanistic links underlying the increased production of ROS in PH remains poorly defined. The NADPH oxidases (Nox) are a major source of reactive oxygen species (ROS) and oxidative stress. There are 5 Nox genes (Nox1-Nox5), and vascular cells express Nox1, Nox2, Nox4 and Nox5 (Nox5 gene is not present in rodents genomes). Nox1 and 2 are activated by the protein-protein interaction of cytosolic subunits, including p47phox (NCF1), p67phox (NCF2), NOXA1 and NOXO1 [15] . In contrast, Nox4 is thought to be constitutively active [11] . Increased expression of Nox2 and Nox4 has been reported in both mouse models of PH and human PH [16] [17] [18] . In mice, genetic deletion or pharmacological inhibition of Nox2 has been shown to reverse hypoxia-initiated PH [19, 20] . Another report by Green et al found that Nox4 inhibitor, GKT137831, attenuates PH in mice [21] . Cav-1 expression is decreased in both animal models of PH and human PH [22] and is thought to contribute to the pathogenesis. Indeed, the loss of Cav-1 has been shown to increase ROS levels in the vasculature and can promote cardiovascular diseases and cancer [23] . However, the ability of Cav-1 to regulate Nox enzymes is not yet known.
In the present study, we found that Cav-1 is primarily expressed in the endothelium and adventitia of pulmonary arteries (PA) and that the expression of Cav-1 is reduced in pulmonary arteries in multiple rat models of PH, including the monocrotaline (MCT), SUGEN/hypoxia (SU/HYP) and the Fawn Hooded Rat (FHR). We investigated the mechanisms by which Cav-1 regulates Nox activity using an integrated approach of heterologous expression systems, native cells and in vivo models. Collectively, our data support the concept that Cav-1 is a negative regulator of the activity and expression of Nox proteins and that loss of Cav-1 is an important regulatory pathway in PH.
Materials and Methods

Animal models of PH
Three rat models of pulmonary hypertension (PH) were employed. The monocrotaline (MCT)-model was induced by a single i.p. injection of MCT (60/mg/kg), which elicits a progressive and severe PH [24] . The SUGEN/Hypoxia (SU/HYP) model of PH results from injection of the VEGF receptor antagonist SU-5416 (20mg/kg, SQ) followed by 3 weeks of hypoxia (10% O2) and 10-11 weeks of normoxia (21% O2) as previously described [25] . The Fawn-hooded rat (FHR), a genetic model of PH spontaneously develops PH after 20 weeks of age [26] . Adult age-matched male Sprague-Dawley (SDR, 250-300g) rats were used as controls for all rat models of PH. One mouse model of PH was employed with WT and Cav-1 −/− mice exposed to 10% oxygen (hypoxia) or room air (normoxia) in a clear plastic polypropylene chamber (20 × 20 × 30 inch) for 3 weeks. The chamber has ventilation holes and a small, quiet fan to provide forced circulation and instant homogenization of gases. The Animal Care and Use Committee at Georgia Regents University approved all procedures and protocols, and this study conformed to the Guide for the Care and Use of Laboratory Animals as published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). All animals were housed under temperature-controlled conditions (21-23°C), maintained on standard chow, allowed free access to food and water and exposed to a 12:12-h light-dark cycle. Post hemodynamic measurements, animals were euthanized by thoracotomy. Blood in the pulmonary vasculature was removed by PBS infusion through the pulmonary artery and the heart and lungs removed en bloc. The free wall of the right ventricle (RV), left ventricle (LV), and septum (S) were carefully dissected free and weighed individually to calculate the RV/LV+S ratio (Fulton index) as an index of RV hypertrophy.
Cell culture and Reagents
COS-7, human lung fibroblasts and bone marrow macrophages were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) containing L-glutamine, penicillin, streptomycin, and 10% (v/v) fetal bovine serum. Cells were transfected using Lipofectamine 2000 reagent (Invitrogen) as described previously [27] [28] [29] [30] [31] . Human lung microvascular endothelial cells (HLMVEC) were purchased from Lonza, and were grown in Endothelial Growth Medium-2-Microvessel (EGM-2MV) consisting of defined growth factors and supplemented with additional FBS up to 5% final concentration (Lonza). Cells were grown at 37 °C in 5% CO 2 incubator and used from passage 2-6. Peritoneal macrophages from WT and Cav-1 −/− mice were isolated as described [29] . In brief, 1 ml of thioglycolate was injected into each mouse 3-5 days prior to collection, peritoneal cells were collected by lavage, RBC lysed with hypotonic buffer and isolated macrophages cultured in complete DMEM. The caveolin-1 scaffolding domain peptide was purchased from Enzo life sciences (Farmingdale, NY). All chemicals were purchased from Sigma unless indicated otherwise.
DNA constructs
Plasmid DNA encoding Nox5β (AF325189), Nox1, Nox3 and Nox4 have been described previously [27, 31] . The full length human Cav-1α construct was obtained from OriGene (Rockville, MD). Cav-1Δ was generated by deleting bp 244-303 using the following primers F: 5′-cacagttttttgctgtctgccctctttggc-3′ and R: 5′-gacagcaaaaaactgtgtgtcccttctgg-3′.
Oxidized DNA ELISA
Quantitation of the levels of ROS-modified deoxyguansine residues (8-OHdG) was achieved by ELISA (Cell Biolabs) according to manufacturer's instructions. In brief, genomic DNA was isolated (Qiagen) from control or MCT-treated rat (4wk) lungs. DNA was converted to nucleosides and centrifuged at 6000g for 5 minutes and the supernatant used to quantify 8-OHdG levels.
RT-PCR and real time PCR
cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad) and used to assess relative gene expression using real time RT-PCR (Bio-Rad iQ SYBR Green) using the following primes. Rat Nox2: CCCTTTGGTACAGCCAGTGAAG-AT (forward), CAATCCCAGCTCCCACTAACATCA (reverse). Rat Nox4: CTGCATCTGTCCTGAACCTCAA (forward), TCTCCTGCTAGGGACCTTCTGT (reverse). Rat GAPDH: GACATGCCGCCTGGAGAAAC (forward), AGCCCAGGATGCCCTTTAGT (reverse). Mouse Cav-1: TCTACAAGCCCAACAACAAGG (forward), AGGAAG GAGAGAATGGCAAAG (reverse). Mouse Nox2: GCTGGGATCACAGGAATTGT (forward), GGTGATGACCACCTTTTGCT (reverse). Mouse Nox4: TGTTGCATGTTTCAGGTGGT (forward), TGGAACTTGGGTTCTTCCAG (reverse). Mouse GAPDH: AGGTCATCCCAGAGCTGAACG (forward), CACCCTGTTGCTGTAGCCGTAT (reverse). Human Cav-1: TTCGCCATTCTCTCTTTCCT (forward), CAGCTTCAAAGAGTGGGTCA (reverse). Human Nox1: AAGCCGACAGGCCACAGAT (forward), GTCACATACTCCACTGTCGTGTTTC (reverse). Human Nox2: GCAGCCTGCCTGAATTTCA (forward), TGAGCAGCACGCACTGGA (reverse). Human Nox4: CTTCCGTTGGTTTGCAGATT (forward), TGGGTCCACAACAGA AAACA (reverse). Human GAPDH: AGAAGGCTGGGGCTCATTTG (forward), AGGGGCCATCCACAGTCTTC (reverse).
Co-immunoprecipitation and Western blotting analysis
Cells were lysed on ice in 20mM Tris-HCl (pH 7.4), 1% Triton X-100, 100mM NaCl, 1mM Na 3 VO 4 , 10mM NaF, and 1% protease inhibitor cocktail (Sigma). Soluble extracts were incubated for 2 h at 4°C with relevant antibodies: anti-HA (Roche Applied Science) and a negative isotype control mouse immunoglobulin (IgG) (Santa Cruz Biotechnology), anti-Cav-1 (Cell signaling), anti-Nox2 (BD), anti-Nox4 (Epitomics) or complexes precipitated with protein A/G agarose (Santa Cruz Biotechnology). Western blotting was performed as described previously [32] [33] [34] [35] [36] using anti-HA (Roche), anti-Cav-1 (Cell signaling), anti-Cav-2 (Thermo Scientific), anti-Cavin (Santa Cruz Biotechnology), anti-Nox2 (BD, sigma, abcam), anti-Nox4 (Epitomics), and anti-GAPDH antibodies (Santa Cruz Biotechnology).
Proximity ligation assay for co-localization
An in situ Proximity Ligation Assay (PLA, Duolink, Sigma) was performed to assess whether endogenous Cav-1 (Cell signaling) and Nox2 (BD) co-localize in mouse macrophages. PLA reactions were performed according to the manufacturer's instructions using primary antibodies (anti-Cav-1, 1:100 and anti-Nox2, 1:100), followed by a pair of oligonucleotide-labeled secondary antibodies. In this assay, the PLA probes create a positive signal only when the epitopes of the target proteins are in close proximity (<40 nm). The signal from each of the detected pair of PLA probes was then counted using fluorescence microscopy (excitation: BP545/25, emission: BP605/70). For negative controls, one primary antibody or both primary antibodies were omitted.
Confocal microscopy
To determine the location and expression of specific cellular markers in blood vessels, both normotensive and/or PH lung sections were stained with α-actin (Abcam; 1:700 dilution) for 30 minutes before being double-stained with antibodies against either Cav-1 (cell signaling; 1:500 dilution), FAP (Santa Cruz; 1:500 dilution), Nox5 [34] and the marker of ROS production, 8-hydroxydeoxyguanosine, (Thermo Scientific; 1:200 dilution) for 30 minutes. Immunofluorescence-labeled lung sections were examined using a Zeiss LSM 510 laser scanning confocal microscope.
Genetic silencing of Cav-1
The siRNA targeting Cav-1 (siRNA ID: s2446) was obtained from Applied Biosystems. Validated control and targeting siRNA were transfected into cells using siPORT ™ Amine (Applied Biosystems) as described [29] .
Measurement of reactive oxygen species
NADPH oxidase-derived superoxide and hydrogen peroxide production were measured by L-012 and Amplex red assay as described previously and net increases in ROS were determined by subtracting levels from cells not expressing Nox genes [27-29, 31, 34, 37-39] .
Statistical Analysis
Data were reported as mean ± SE and statistical analyses were performed using Instat software (GraphPad Software Inc., San Diego, CA). Comparisons between two groups were made with an unpaired student's t-test or for multiple comparisons an ANOVA with a Bonferroni post hoc test. Differences were considered as significant at p < 0.05.
Results
PH is associated with reduced vascular expression of Cav-1 and dependent proteins and increased ROS production
To determine the cellular location of Cav-1 expression in pulmonary arteries, we performed immunofluorescence staining of lung sections from vehicle and MCT-treated rats. In control rats, Cav-1 was expressed in both endothelial cells and in the adventitia. In MCT-treated rats with PH, the staining for Cav-1 was significantly reduced (Fig. 1A) . To confirm these findings using more quantitative methods, we next assessed Cav-1 mRNA and protein levels using real time PCR and Western blotting. In all three rat models of PH (FHR, MCT, and SU/HYP), we found reduced protein levels of Cav-1 in isolated PA (Fig. 1B) . In the MCT model, we found reduced levels of Cav-1 protein and mRNA, but also other genes dependent on Cav-1 expression, Cav-2, Cavin-1 and PV-1 ( Fig. 1C and Supplemental Fig.  1 ). We next assessed the levels of ROS production in hypertensive PA using immunofluorescence imaging for 8-hydroxydeoxyguanosine, a DNA nucleoside that is generated by ROS and used as an in vivo footprint of ROS production. We found 8-hydroxydeoxyguanosine staining was robustly increased in PA from 4-week MCT-treated rats ( Fig. 2A-B) . The highest signal was observed in the adventitia, which overlapped with the fibroblast marker, fibroblast activation protein (FAP). We further found that Nox2 and Nox4 mRNA and protein levels were significantly increased in isolated PA (Fig. 2C-D) , suggesting that the elevated levels of ROS in hypertensive PA may derive from increased expression and or activity of Nox proteins.
Cav-1 negatively regulates Nox-derived ROS in vitro
The inverse correlation observed between the elevated ROS and elevated Nox levels versus the reduced expression of Cav-1 in PA from rats with PH promoted us to investigate whether Cav-1 can directly influence the ability of NADPH oxidases to produce ROS. We found that increased expression of Cav-1 decreased ROS from Nox1, 2, 3, 4, and 5 ( Fig. 3 A-E). Fusion of cell penetrating peptide sequences (antennapedia) to the Cav-1 scaffolding domain (aa82-101 has been shown to mimic the intracellular actions of Cav-1 in suppressing the activity of protein binding partners of Cav-1 that contain a Cav-1 binding motif [40, 41] . We observed that the Cav-1 scaffolding peptide reduced ROS production from Nox1, 2, 3 and 5. However, the Cav-1 peptide failed to inhibit Nox4-dependent ROS production ( Fig. 3F-J) . In contrast, reducing the expression of endogenous Cav-1 using siRNA in human lung fibroblasts or in Cav-1 knockout macrophages led to the increased ROS production (Fig. 3K-L) . Cholesterol depletion (Supplemental Fig. 2A ) using methyl-β-cyclodextrin (CD) increased, whereas cholesterol loading decreased Nox2-dependent superoxide in mouse macrophages. The specificity of L-012 and Amplex Red for the Noxdependent production of superoxide and hydrogen peroxide is shown in Supplementary Fig.  2B -E.
To determine whether Cav-1 can directly regulate Nox activity versus effects on other signaling moieties, we measured Nox5 activity in an isolated enzyme activity with supplemental cofactors with and without co-expression of Cav-1 [27, 42] . Nox5 was used because it is a prototypical Nox enzyme that does not require the assembly of other protein subunits for activation [43] . Partially purified Nox5 was incubated with maximal cofactors (FAD, calcium) and NADPH was given (arrow) to initiate superoxide production. We found that in addition to its inhibitory actions in intact cells, Cav-1 significantly decreased Nox5-dependent superoxide in an isolated enzyme activity assay (Fig. 3M) . Co-expression of Cav-1Δ, which lacks the scaffolding domain, was unable to modify Nox5 activity at the multiple concentrations used (Supplemental Fig. 3A) . Against eNOS, Cav-1 but not the deletion mutant was able to reduce NO production (Supplemental Fig. 3B) . Furthermore, the increased expression of Cav-1 did not noticeably alter the location of Nox5 (Supplemental Fig. 4A ). Collectively these results support the ability of the scaffolding domain of Cav-1 to regulate the post-translational activity of Nox enzymes.
Nox5 and Nox2, but not Nox4, are Cav-1 binding proteins
In a heterologous expression system in COS-7 cells, Cav-1 dose-dependently inhibited superoxide production from cells expressing Nox5 without modifying the level of Nox5 expression (Fig. 4A) . Similarly, the Cav-1 scaffolding domain peptide suppressed superoxide (Fig. 3J ) without altering Nox5 expression (Fig. 4B) . This data suggests a posttranslational mechanism of Nox inhibition and we next determined whether Cav-1 can function as an allosteric regulator and bind to Nox5. Using a co-IP approach, we found evidence for a strong physical association between Nox5 and Cav-1 (Fig. 4C-D) . Using a similar approach we found that Nox2 also binds to Cav-1 (Fig. 4E) . Previous studies have shown that calcium-influx promotes the dissociation of Cav-1 from certain binding partners including eNOS. Therefore we investigated whether increasing intracellular calcium alters the degree of binding between Nox2 and Cav-1. We found that the amount of Nox2 bound to Cav-1 was decreased in cells exposed to ionomycin (Figure 4F ), or in Nox2-dependent immune complexes treated with calcium ( Figure 4G ). The co-localization of endogenous Nox2 and Cav-1 was confirmed using an in situ proximity ligation assay in murine macrophages (Fig. 4H) . Due to the inability of the Cav-1 peptide to inhibit Nox4 (Fig. 3I) , we pursued additional experiments in human lung fibroblasts which express Nox4. In contrast to Nox2 and Nox5, we found that in fibroblasts, Nox4 does not directly interact with Cav-1 using a co-IP approach. In support of this, immunofluorescence staining suggests that in fibroblasts, Nox4 and Cav-1 reside in different intracellular locations (Fig.  4I-J) . Together, these data suggest that Cav-1 can inhibit ROS from Nox2 and Nox5 by direct enzyme binding. As Nox5 is absent from rodent genomes, we next determined whether Nox5 is expressed in human PA and therefore may have relevance to PH. Lung sections from patients with PH were stained with antibodies to Nox5 and smooth muscle actin. Robust staining for Nox5 was observed in the medial and adventitial layers of PA(Supplemental Fig. 4B ).
Cav-1 regulates Nox expression in native cells
To assess whether Cav-1 modifies endogenous Nox gene expression in native cells, we transduced murine macrophages and human lung fibroblasts with either a negative control (RFP) or an adenovirus expressing Cav-1. Macrophages transduced with the Cav-1 adenovirus exhibited a robust decrease in Nox2 protein expression. In equivalent experiments in fibroblasts, increased expression of Cav-1 decreased Nox4 expression (Fig.  5A, B) . In contrast, macrophages isolated from Cav-1 −/− mice had significantly higher levels of Nox2 expression compared to WT mice (Fig. 5C ) and reducing the expression of Cav-1 via a siRNA approach in human lung fibroblasts resulted in increased Nox4 protein expression in a dose-dependent manner (Fig. 5D ).
To further explore the mechanisms underlying the ability of Cav-1 to influence the gene expression of Nox2 and Nox4, we next examined mRNA levels. Consistent with its ability to negatively regulate Nox protein expression, Cav-1 −/− macrophages had significantly higher levels of Nox2 mRNA expression under both basal and LPS-stimulated conditions compared to WT macrophages (Fig. 6A) . Increased expression of Cav-1 via adenovirus decreased the ability of LPS to stimulate increased Nox2 mRNA levels (Fig. 6B) . However, there was no significant difference between RFP and Cav-1 transduced cells under unstimulated conditions, suggesting that Cav-1 has a greater influence on LPS-stimulated signaling pathway that influences Nox2 gene transcription. This ability of Cav-1 was observed in other cell types and in HLMVEC, the decreased expression of Cav-1 via siRNA, increased Nox1, Nox2, and Nox4 expression in response to LPS (Fig. 6C) . To further delineate the underlying mechanisms by which Cav-1 regulates Nox mRNA expression, we transduced mouse macrophages with either RFP or Cav-1 adenoviruses and stimulated with LPS. The increased expression of Cav-1 significantly inhibited NF-kB activation as reflected by the reduction in p65 phosphorylation (Fig. 6D) . To determine whether the regulation of Nox expression is dependent on NF-κB in macrophages and HLMVECs, we employed LPS to stimulate and BAY-11-7082 to selectively inhibit NF-κB. We found that the protein and mRNA expression of Nox1, 2 and 4 in macrophages and HLMVECs was increased by LPS and decreased by the inhibitor of NF-κB, BAY-11-7082 ( Fig. 6E and Supplemental Fig. 5A-B) .
In lungs from Cav-1 −/− mice exposed to hypoxia to induce PH, both Nox2 and Nox4 mRNA and protein expression are significantly upregulated suggesting that the reciprocal relationship observed in vitro is also relevant in vivo (Fig. 7A-B) . To assess the functional effects of Cav-1 loss, we compared hypoxia-driven pulmonary hypertension in WT and Cav-1 −/− mice. The loss of Cav-1 in Cav-1 −/− mice, resulted in more significant PH as evaluated by compensatory hypertrophy of the RV (Fig. 7C) . These data suggest that the increased severity of PH due to the loss of Cav-1 might result, at least in part, from the upregulation of Nox-derived ROS production.
Discussion
Cav-1 is an important regulatory molecule that has been implicated in the pathogenesis of atherosclerosis [44] , inflammation [40] , fibrosis [45] and pulmonary arterial hypertension [22] . In addition to its structural role in caveolae, Cav-1 binds to and regulates the activity and intracellular location of numerous signaling molecules. Given the wide range of cellular functions influenced by Cav-1, the mechanisms by which it influences disease pathways are complex and incompletely understood. The ability of Cav-1 to regulate eNOS activity has been well established, but another important mechanism contributing to each of the above listed disease processes is an overabundance of ROS production [9, 46] . In the current study, we show that Cav-1 is a negative regulator of ROS production from Nox1-5 and this is achieved by a multitude of mechanisms including enzyme binding and the inhibition of endogenous Nox gene expression. We further show that isolated PA from rodent models of PH has reduced Cav-1, increased Nox expression and increased levels of ROS. Moreover, mice harboring a genetic deletion of Cav-1 have increased Nox expression and more pronounced PH compared to WT mice. Collectively these data identify Cav-1 as a negative regulator of Nox enzymes which is consistent with data from human and animal models of PH showing reduced Cav-1 expression and both increased Nox expression and ROS production.
Increased production of ROS in the pulmonary vasculature has been widely reported in both clinical and experimental PH [47, 48] . In our study, we observed elevated ROS in the lungs and pulmonary arteries from animals with PH. Nox isoforms are major sources of cellular ROS production [15] and we observed higher levels of expression of both Nox2 and Nox4 in hypertensive PA which is consistent with previously published data [21, 49] . The mechanisms underlying the increased Nox expression and activity in PH are not fully elucidated. While an association between the loss of Cav-1 and increased ROS production has been reported [50, 51] , the ability of Cav-1 to directly influence Nox activity has not yet been shown. To determine whether Cav-1 can directly impact Nox activity and ROS production, we employed a heterologous expression system in vitro. We found that upregulation of Cav-1 decreased the ability of Nox1-5 to produce ROS. To better reveal the mechanisms underlying the inhibitory actions of Cav-1, we employed the caveolin-1 scaffolding domain peptide (aa82-101) linked to a cell penetrating sequence [40] . Treatment of Nox expressing cells with the Cav-1 peptide reduced superoxide production from Nox1, 2, 3 and 5. In native vascular cells, we pursued loss of function experiments using Cav-1 siRNA and Cav-1 knockout cells and gain of function experiments using a Cav-1 expressing adenovirus. We found that reducing the expression of Cav-1 increased the production of ROS in human lung fibroblasts and macrophages. In contrast, increased expression of Cav-1 decreased ROS production in macrophages. Without directly influencing Cav-1 expression, we also show that manipulation of cholesterol levels with cyclodextrin can influence Nox activity. Collectively, these data support a functional ability of Cav-1 to regulate Nox activity.
Cav-1 has been shown to bind to numerous signaling proteins, many of which are concentrated in plasma membrane caveolae or localized near endomembranes where Cav-1 is also expressed. The binding of Cav-1 to other proteins is mediated via interactions between its scaffolding domain and a Cav-1 binding domain that is present in many of the established binding partners of Cav-1. The ability of Cav-1 to reduce Nox5 activity without significantly altering protein expression suggested a post-translational mechanism of regulation. There was no significant change in the intracellular location of Nox5 when coexpressed with Cav-1 and this is further supported by the ability of Cav-1 to reduce Nox5 activity in isolated enzyme assays. We found using a co-IP approach that Cav-1 is present in complexes with Nox5 which is similar to that described for other proteins that are regulated by Cav-1 including eNOS [7] . Co-IP and proximity ligation assays also revealed that Nox2 is a Cav-1 binding protein. Together, these data suggest that Cav-1 can directly inhibit Nox5 and Nox2 activity via allosteric regulation. Given the ability of the Cav-1 scaffolding domain peptide to reduce the activity of Nox1-3 and 5, we anticipate that Cav-1 regulates the activity of Nox1 and Nox3 via a similar mechanism. However, this paradigm is not true for all Nox enzymes. We found that the Cav-1 scaffolding domain peptide failed to inhibit Nox4 activity. To determine a mechanism, in lung fibroblasts that express Nox4 endogenously, we found that in contrast to Nox2 and Nox5, Cav-1 does not appear to bind to Nox4 in co-IP experiments or reside within the same intracellular location. These data suggest that binding is necessary to inhibit enzyme activity. In previous studies we have found that hsp90 binds to Nox1-3 and 5 and is necessary for superoxide production. However, hsp90 does not bind to Nox4 which is regarded as a constitutively active Nox isoform [28, 29] . Binding of hsp90 to eNOS has been shown to regulate Cav-1 binding [41] , however, it is not yet known whether hsp90 can similarly influence the binding of Cav-1 to Nox enzymes. There are numerous studies showing that other proteins such as calmodulin can negatively influence Cav-1 binding [5] . We found that the amount of Cav-1 bound to Nox2 was dependent on the level of calcium as both ionomycin exposure in intact cells and increasing the calcium-concentration in Nox2-dependent immune complexes induced the dissociation of bound Cav-1. How this occurs is not yet known, but the calcium-dependent regulation of Cav-1 binding may account, at least in part, for the established ability of calcium ionophores to increase the activity of Nox2 [52] . The ability of the scaffolding domain alone to regulate the activity of Nox1-3,5 and the inability of a mutant of caveolin-1 lacking this domain to influence Nox5 activity suggests that aa82-101 are crucial. However, the region(s) on Nox2 and Nox5 that are responsible for binding to Cav-1 are not yet known. Within the extreme C-terminus of all Nox enzymes is a motif that conforms to the caveolin binding motif (x xxxx, where is an aromatic and x any amino acid). However, mutation of this domain completely eliminates Nox activity suggesting it has other vital functions (data not shown). It has also been shown that Cav-1 is required for the stimulus dependent activation of Nox enzymes. Cav-1 contributes to AngII-induced activation of Rac1 and translocation of the Nox subunit p47 and Nox2 activation in endothelial cells [53, 54] . To isolate the direct effects of Cav-1 on Nox activity our study focused on basal (unstimulated) ROS production and also utilized Nox5, which does not require the assembly of cytosolic subunits for ROS production. While data from these experiments supports a direct role for Cav-1 in regulating Nox activity, these effects might be negated by additional effects of Cav-1 that decrease receptor activation and signaling and therefore the stimulus-dependent activation of Nox enzymes. The mechanisms underlying the ability of full length Cav-1 to negatively regulate Nox4 expression in COS-7 cells remain unclear. It is increasingly apparent that the regulation of Nox4 is more complex and incompletely understood than previously appreciated. There are reports showing that Nox4 is constitutively active and that it primarily emits hydrogen peroxide due to the rapid conversion of superoxide. Others have shown stimulus dependent regulation of Nox4 and the production of superoxide [11] . These discrepancies may be context dependent and one variable that may be very important to the regulation of Nox4 is its subcellular localization. In our experiments using human lung fibroblasts, we did not find evidence to support a protein: protein interaction between Nox4 and Cav-1. This data is consistent with their subcellular distribution in different subcellular compartments with Nox4 predominantly nuclear and Cav-1 in cytoplasmic membranes. In COS-7 cells, Nox4 is primarily expressed in the endoplasmic reticulum which is similar to that described in endothelial cells [55, 56] . This would place Nox4 and Cav-1 in closer proximity and perhaps allow them to physically interact.
In PH, not only is ROS production increased, but this occurs alongside an increase in Nox expression. Whether Cav-1 can regulate the expression of endogenous Nox proteins in native cells has not been addressed directly. Studies by Price et al showed that NF-kB is activated in individuals with PH, and that activated NF-kB is a driver of inflammation in hypertensive PA [57] . It has also been shown that Cav-1 can negatively regulate the activation of NF-kB in endothelial cells and the increase in lung inflammation in response to LPS [58, 59] and viral infection [60] . Loss of Cav-1 has been shown to exacerbate inflammation and oxidative stress in a number of animal models [51, 61] , but the role of Nox enzymes has not yet been appreciated. In our study, we found that decreased levels of Cav-1 coincided with increased Nox2 and Nox4 expression in macrophages and fibroblasts, respectively. Gain of function experiments showed that increased expression of Cav-1 results in the downregulation of Nox2 and Nox4 expression. In HLMVEC, qRT-PCR revealed that mRNA expression of Nox1, Nox2 and Nox4 are robustly increased by LPS in Cav-1 deficient cells. NF-kB activation has been shown to regulate the expression of Nox enzymes [62, 63] and the ability of Cav-1 to suppress this pathway is one potential mechanism by which it can regulate the expression of endogenous Nox proteins. Collectively, these results suggest that not only does Cav-1 suppress the post-translational activity of Nox enzymes, but it also negatively regulates gene expression.
Cav-1 is essential for the formation of flask shaped plasma membrane invaginations termed caveolae. Oligomers of Cav-1 coat the surface of caveolae and together with the cooperation of other caveolar proteins such as Cav-2 and Cavin-1, they give the organelle is characteristic geometry. The physical association of Cav-1 with Cavin-1 and Cav-2 is important in the formation of caveolae and the stability/expression of both proteins is conferred by binding to Cav-1 [4, 7] . In control pulmonary arteries, we detected Cav-1 expression in endothelial cells and also in perivascular cells. Endothelial cells are well documented to express high levels of Cav-1 [64] , and other cell types in the adventitia including fibroblasts and macrophages are also known to express Cav-1 [65, 66] . Interestingly, the media or smooth muscle cell layer was absent significant Cav-1 expression. Previous studies have shown that smooth muscle cells express Cav-1 [67, 68] but the majority of studies have used cultured cells where VSMC are proliferating and dedifferentiated compared to those populating intact blood vessels. In animals with pulmonary hypertension, we observed a decrease in immunofluorescence staining for Cav-1 which was confirmed by Western blotting in multiple rat models including the FHR, MCT and SU/ HYP. These results are in agreement with previous studies and also in human PH [22] . In addition to Cav-1 we also determined the expression levels of other caveolar proteins including Cav-2, Cavin-1 and PV-1 by Western blotting and mRNA. We observed a significant decrease in Cav-2, Cavin-1 and PV-1 in hypertensive PA. These results suggest a generalized loss of caveolar proteins in PH. Reduced expression of Cav-1 is associated with hyperproliferative disorders including cancer and fibrosis and the complete loss of Cav-1 in knockout mice is sufficient to cause PH suggesting it has an important regulatory role in pathogenic mechanisms [1, 22] .
Interestingly, the primarily cellular location of Cav-1 in pulmonary blood vessels was the endothelium and adventitia/perivascular cells. The functional importance of Cav-1 in cells types of the adventitia is also likely to contribute to the development of PH. The adventitia encircles the inner layers of the blood vessel and is a loose assortment of matrix proteins and cells including fibroblasts, which express Nox4, and immune cells such as macrophages, that express Nox2 [69] . Fibroblasts express high levels of Cav-1 [70] . Loss of Cav-1 in knockout mice leads to severe fibroproliferative diseases [71, 72] and in humans, Cav-1 polymorphisms correlate with a higher incidence of lung fibrosis [73] . Increased Cav-1 expression confers the opposite phenotype of reduced fibroblast proliferation, signaling and matrix protein and metalloprotease expression [45, 74] . In macrophages, Cav-1 is also expressed and is an established negative regulator of inflammation [75, 76] . The ability of Cav-1 to regulate Nox expression was also shown in vivo in Cav-1 knockout mice, where increased Nox2 and Nox4 expression was observed in lung tissue. Elevated ROS have been shown to promote both increased inflammation and fibrosis [44, 77] and ability of Cav-1 to negatively regulate Nox activity and expression, as outlined in the current study, suggest that this mechanism may contribute to the inflammation and fibrosis that drive the vascular remodeling in PH. This contention is supported, albeit indirectly, by data showing that PH is more severe in Cav-1 knockout out mice. Numerous other studies have direct evidenced supporting the ability of increased Nox enzyme activity to contribute to the pathogenesis of PH. In mice, genetic deletion or pharmacological inhibition of Nox2 has been shown to reverse hypoxia-initiated PH [19, 20] . Another report by Green et al found that the Nox1/4 inhibitor, GKT137831, attenuates PH in mice [21] .
In summary, our study has revealed two mechanisms by which Cav-1 can regulate Noxdependent ROS production; through acute post-translational modification and more chronically by restraining mRNA and protein expression. By decreasing the activity and expression of Nox enzymes, our study highlights a new role by which Cav-1 may influence inflammation and fibrosis. The ability of Cav-1 to antagonize ROS production may have important ramifications in diseases such as pulmonary hypertension which have an abundance of inflammation and fibrosis. Indeed, targeting the reduced Cav-1 expression levels in PH maybe an important therapeutic consideration.
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4.
Cav-1 influences the mRNA and protein expression of Nox2 and Nox4 and inhibits NF-kB activation.
5.
Genetic ablation of Cav-1 increased the levels of Nox2, 4 and exacerbated hypoxia-induced PAH. 
